. This value was close to the grain boundary self-diffusion energy of Mg. Anisotropic textures were no seen in X-ray (0002) pole figure analysis (XPFA) by Schulz's reflection method. It was suggested that the stress concentrations through grain boundaries or in grains could be relaxed during superplastic deformation process and the superplastic flow was more easily associated with boundary diffusion.
Introduction
Magnesium alloys are highly expected for structural materials due to their excellent specific property such as low density. In general, however, they are too brittle to work near room temperature and are therefore difficult to form. Many attempts to add various alloying elements have been performed to improve this brittleness, and many of these results have been reported. [1] [2] [3] [4] Recently, there is a tendency to improve the poor workability by grain refinement based on a recrystallization technique, in particular, by a superplastic technique. But at the same time this technique has produced a major problem how to provide a large preform below the recrystallization temperature, because it is almost impossible to significantly deform magnesium alloys which have the hexagonal lattice (hcp) structure.
Sherby et al. 5) and Higashi 6) have indicated that some aluminum alloys exhibit superplastic flow at very high strain rates over 1.0ϫ10 Ϫ1 s
Ϫ1
, which are corresponding to the ordinary forging rate. They showed that a powder metallurgy with extrusion (PM) method gave rise to a very fine grain size and this microstructure could attribute to high strain rate superplasticity. As part of obtaining the magnesium alloys with such fine grain size as well as aluminum alloys, PM method 7) and an extrusion method called equal channel angular extrusion (ECAE) 8) have been developed. By these methods, the specimens of Mg-9Al-1Zn (AZ91) with the form of bar exhibited superplasticity. Mabuchi et al. 7) indicated that PM AZ91 bar processed from sintering and extrusion had grain sizes of 1.0-2.8 mm, and exhibited the total elongation over 250 % at the testing temperature of 573 K and at strain rate of 1.0ϫ10 Ϫ2 s
. They attained the high m-values exceeded over 0.3 in an intermediate strain rate region.
On the other hand, an alternative processing method for superplastic magnesium alloys has been studied on AZ91 with the form of sheet 9) via large strain by ingot metallurgy (IM) with an isothermal-rolling (below, IMIR). This simple procedure is very effective for commercial applications such as the automotive industry due to the form of sheet. In IMIR AZ91 sheet processed from rolling and subsequent annealing for complete recrystallization (below, RF0), 9 3) National Institute of Advanced Industrial Science and Technology, 1-2-1 Namiki, Tsukuba, Ibaraki 305-8564 Japan. 4) Nara University of Education, Takabatake, Nara, Nara 630-8528 Japan.
(Received on July 20, 2007; accepted on September 4, 2007 ) An alternative processing method for superplastic magnesium alloys has been studied on the form of sheet of Mg-9Al-1Zn (AZ91) via large strain by ingot metallurgy with an isothermal-rolling. Constant initial strain rate tensile tests have been conducted at elevated temperatures for AZ91 sheets as rolled with reduction in area of 90 %.
The values of total elongation exceeded over 50 % at all strain rates and at all testing temperatures except 673 K, and the maximum total elongation exhibited 210 %. The total elongation had a tendency to increase at low temperature side.
The strain rate sensitivity, m-values, exceeded over 0.5 at strain rates from 1.0ϫ10 Ϫ4 to 2.5ϫ10 Ϫ4 s
. The values of flow stress were lower than those of completely recrystallized AZ91 and did not depend so much on the tensile temperatures from 573 to 648 K at high strain rates.
The activation energy required for superplastic flow in the high-m-deformation was calculated to be 80-83 kJ · mol strain rate sensitivity, m-values exceeded over 0.5, but the total maximum elongation exhibited only 170 %, because the grain growth occurred during deformation. The present paper describes the superplastic flow of no-annealed, that is, as-rolled magnesium alloy sheets of AZ91 by IMIR method (below, AR0). Constant initial strain rate tensile tests have been carried out at various temperatures and at various strain rates for these alloy sheets. The total elongations, the m-values and the activation energy have been obtained and discussed. AR0 material exhibited better superplasticity than RF0 material.
Experimental Procedure
AZ91 material has been supplied in the form of ingot for this experiment. Its chemical composition is listed in Table  1 . The ingot of AZ91 was cut to fixed size of 70 mm length, 15 mm width and 10 mm thickness. These billets were heated at 573 K for 300 s in an electric furnace, and then isothermally rolled by 0.5 mm in every pass at 573 K roll surface temperature. Finally, the rolling reductions in area were 90 % with 1 mm thickness. The isothermal-rolling mill was used for these rolling, where the maximum temperature on the roll surface was 673 K and the maximum load was 196 kN.
The results of X-ray diffraction measurements for AZ91 materials of ingot and as rolled are shown in Fig. 1 and (0002) peak, that was the most active basal slip, was initially present in AZ91 ingot. But, this pre-existing weak peak evolved largely during IMIR as shown in Fig. 2 .
The optical microstructures of ingot and as rolled are shown in Fig. 3 , where the white parts and the gray parts indicated the d phase and the g phase respectively. The grain boundaries as rolled were not so clear, but a large number of grains which might be due to dynamic recrystallization were seen.
X-ray pole figure analysis (XPFA) by Schulz's reflection method has been used to investigate the texture of both RF0 and AR0 materials.
Tensile specimens of 20 mm gage length and 3.8 mm width were machined out of the rolled sheets as shown in Fig. 4 . The tensile tests were carried out at five different temperatures from 573 to 673 K and at five constant initial strain rates from 1.0ϫ10
Ϫ4 to 1.0ϫ10 Ϫ2 s Ϫ1 after holding the setting temperatures for 10 min. The tensile axis was parallel with the rolling direction. A hydraulic machine with a vacuum chamber which was equipped with an induc- tion heater was used for these tests. A heating rate was about 20 K/min.
Experimental Results and Discussions
The variation in elongation to failure as function of strain rate for AR0 material is shown in Fig. 5 , plotting the strain rate in X-axis and the total elongation in Y-axis. The values of total elongation exceeded over 50 % at all strain rates and at all testing temperatures except 673 K. The maximum total elongation exhibited 210 %, which was larger than that of RF0 material. 9) The variations in elongation to failure as function of tensile temperature for RF0 material and AR0 material are shown in Fig. 6 and Fig. 7 respectively, where RS and RF show the 0 % and 100 % static recrystallization temperature as shown in Fig. 8 . The higher the tensile temperature was elevated, the more the elongation increased for RF0 material as shown in Fig. 6 . On the contrary, the elongation had a tendency to increase at low temperature side for AR0 material. An optical microstructure after failure is shown in Fig. 9 , where the testing temperature was 573 K and the strain rate was 1.0ϫ10 Ϫ4 s
Ϫ1
. A large number of cavities were seen and the average of grain size was about 30 mm as same as RF0 material.
9)
The variation in flow stress as function of strain rate for AR0 material is shown in Fig. 10 and Fig. 11 , plotting the strain rate in X-axis and the flow stress obtained from stress vs. strain curves in Y-axis. The flow stress for each strain rate was determined at the peak flow stress in Fig. 10 , and at a small strain of 0.1 in Fig. 11 respectively, where the later small strain of 0.1 was often taken for magnesium alloys. A sigmoidal type was indicated and a threshold stress was no seen within present strain rates in both figures. Furthermore, it did not make much different tendencies in the m-values of Fig. 10 and Fig. 11 . The m-values exceeded over 0.5 at strain rates from 1.0ϫ10 Ϫ4 to 2.5ϫ10 Ϫ4 s Ϫ1 . Typical real data of stress vs. strain curves to failure are shown in Fig. 12 . These curves were relatively common type in the superplastic tensile tests.
The variations in flow stress as function of tensile temperature for RF0 material and AR0 material are shown in Fig. 13 and Fig. 14 respectively, where RS and RF show the 0% and 100 % recrystallization temperature as previously described. The higher the tensile temperature was elevated, the flow stress decreased for RF0 material as shown in Fig.  12 . However, AR0 material showed that the values of flow stress were lower than those of RF0 material and did not depend so much on the tensile temperatures from 573 to 648 K at high strain rates.
It is very attractive for commercial applications of AR0 material that such differences concerning the total elongation and the flow stress are present between AR0 and RF0 materials. This is because the low temperature superplasticity is attained and the distribution of uniform strain and stress can be expected at high strain rate.
Next, it has been decided to examine the mechanism of such large elongation and high m-value from a standpoint of activation energy. A thermally activated relaxation process which is caused by diffusion happens over the half melting point of 0.5Tmp for many polycrystalline metals and alloys. Assuming a thermally activated mechanism of hot deformation, the strain rate ė at testing temperature T can be given by the following rate equation. Where Q and R are the activation energy required for deformation and the gas constant, respectively, and A is a constant.
Here, f(s) is determined by the following equation. 
f(s)ϭ(s/K)(1/m

.(2)
Where s is the flow stress and K is a constant. If Eq. (2) is substituted into Eq. (1), the following equation is obtained. Plotting the relation of lnė vs. 1/T by using Eq. (4) in Fig. 10 and Fig. 11, Fig. 15 is obtained. The activation energy Q was calculated to be 80 kJ · mol Ϫ1 for Fig. 10 and 83 kJ · mol Ϫ1 for Fig. 11 respectively, where the constant s was taken to be 15 MPa in the high-m-deformation.
The self-diffusion energies of magnesium for both volume diffusion and grain boundary diffusion are 135 kJ · mol Ϫ1 and 67 kJ · mol Ϫ1 respectively 10) as shown in Table 2 . The activation energy of 80-83 kJ · mol Ϫ1 obtained from the present high temperature tensile tests is close to the selfdiffusion energy of magnesium for boundary diffusion. Accordingly, AR0 material deforms superplastically and its flow seems to be accommodated by the boundary self-diffusion of magnesium. Compared with this result of AR0 material, the activation energy required for superplastic flow of RF0 material 9) was calculated to be 124 kJ · mol
Ϫ1
, which was near to that for lattice diffusional flow.
Watanabe et al. 11) indicated that the extruded AZ61 sheet material had a transition temperature of 585 K from a grain boundary diffusion mechanism at 523-573 K to a lattice diffusion mechanism at 598-673 K in the illustration of normalized strain rate vs. reciprocal temperature. They calculated that the activation energy was 90 kJ · mol Ϫ1 in the former region and 143 kJ · mol Ϫ1 in the later region, respectively. Mabuchi et al. 7) indicated that IM AZ91 bar processed from machining of chips, sintering and extrusion had grain sizes of 4.1-5.0 mm, and exhibited the total elongation over 400 % at the testing temperature of 523 K and at strain rate of 3.3ϫ10 Ϫ4 s
. The details of PM AZ91 bar were mentioned above the introduction. Further, they calculated that the value of activation energy required for super- Table 2 . Self diffusion energies of magnesium for volume diffusion and grain boundary diffusion. plastic flow of IM AZ91 material was 121 kJ· mol Ϫ1 as same as PM AZ91 material. This value was higher than the value for grain boundary diffusion, and the transition temperature did not appear. They concluded that the reason why such large activation energy was obtained was due to a combination of lattice and grain boundary diffusion processes.
The present data obtained in this experiment for AR0 material exhibited the less superplastic behaviours than IM and PM AZ91 materials, but showed better superplasticity compared to RF0 material. The transition temperature did not appear too, but unlike the value by Mabuchi et al., the activation energy was 80-83 kJ· mol
. Accordingly, superplastic behaviours of AR0 material may be due to major grain boundary diffusion.
The result of X-ray diffraction measurement for RF0 material is shown in Fig. 16 . Compared to AR0 material shown in Fig. 2 , it did not make much different tendencies. Consequently, X-ray pole figure analysis by Schulz's reflection method has been used to declare the different texture evolution between AR0 and RF0 material.
The results of X-ray (0002) pole figure analysis method for RF0 material and AR0 material before tensile test are shown in Fig. 17 and Fig. 18 respectively. The X-ray pole figure after failure could not be obtained, because the width of specimen was too short. The (0002) slip plane directions of the grains spread about 50 to 90a deg around the normal direction (ND) for both materials. However, a large number of anisotropic textures with petal patterns were seen for RF0 material as shown in Fig. 17 . On the contrary, for AR0 material, many concentric circles appeared and the top of these circles shifted by a degree of 5 deg to the direction of the tensile axis (RD), but anisotropic textures mentioned above were no seen.
Stress concentrations through grain boundaries or in grains are caused by grain boundary and interfacial sliding. These concentrations need to be accommodated during superplastic deformation process. The main accommodation mechanism is dislocation creep mechanism. 12) AR0 material needed less grain rotations to the most active {0001}͗112 0͘ slip system than RF0 material, because the former material had less anisotropic textures than the later material. Therefore, for AR0 material, it was suggested that such stress concentrations could be relaxed more easily during superplastic deformation process compared to RF0 material. As the result, AR0 material was superior to RF0 material for superplastic flow because the grain boundary sliding occurred without difficulty.
Conclusions
The billets of Mg-9Al-1Zn (AZ91) were rolled by IMIR method. Constant initial strain rate tensile tests were carried out at five different temperatures and at five constant initial strain rates. The following conclusions were obtained as results of superplastic flow tests.
(1) The values of total elongation exceeded over 50 % at all strain rates and at all testing temperatures except 673 K, and the maximum total elongation exhibited 210 %.
(2) The total elongation had a tendency to increase at low temperature side.
(3) The strain rate sensitivity, m-values, exceeded over 0.5 at strain rates from 1.0ϫ10 Ϫ4 to 2.5ϫ10 rates.
(5) The activation energy required for superplastic flow in the high-m-deformation was calculated to be 80-83 kJ· mol
Ϫ1
. This value is close to the grain boundary self-diffusion energy of Mg for boundary diffusion.
(6) Anisotropic textures were no seen in X-ray (0002) pole figure analysis by Schulz's reflection method.
